We study phase behaviour of a model fluid confined between two unlike parallel walls in the presence of long range (dispersion) forces. Predictions obtained from macroscopic (geometric) and mesoscopic arguments are compared with numerical solutions of a non-local density functional theory. Two capillary models are considered. For a capillary comprising of two (differently) adsorbing walls we show that simple geometric arguments lead to the generalized Kelvin equation locating capillary condensation very accurately, provided both walls are only partially wet. If at least one of the walls is in complete wetting regime, the Kelvin equation should be modified by capturing the effect of thick wetting films by including Derjaguin's correction. Within the second model, we consider a capillary formed of two competing walls, so that one tends to be wet and the other dry. In this case, an interface localized-delocalized transition occurs at bulk two-phase coexistence and a temperature T * (L) depending on the pore width L. A mean-field analysis shows that for walls exhibiting first-order wetting transition at a temperature T w , T s > T * (L) > T w , where the spinodal temperature T s can be associated with the prewetting critical point, which also determines a critical pore width below which the interface localizeddelocalized transition does not occur. If the walls exhibit critical wetting, the transition is shifted below T w and for a model with the binding potential W ( ) = A(T ) −2 + B (T ) −3 + · · · , where is the location of the liquidgas interface, the transition can be characterized by a dimensionless parameter κ = B /(AL), so that the fluid configuration with delocalized interface is stable in the interval between κ = −2/3 and κ ≈ −0.23.
Introduction
It is very well known that structure and phase behaviour of a confined fluid is quite distinct from that of its bulk counterpart. A familiar example of a confining geometry is a slit pore formed by two parallel, identical and infinite plates, a distance L apart. The combination of finite-size effects and fluid adsorption at the walls leads to a shift in the liquid-vapour phase boundary and in the critical point compared to a bulk fluid [1] [2] [3] [4] [5] . The location of this capillary condensation (or evaporation) transition is macroscopically described by Kelvin's equation which predicts that the chemical potential at which the vapour in the slit condenses into the liquid-like phase is shifted from its saturation value µ sat by an amount δµ ≡ µ sat − µ cc = 2γ cos θ (ρ l − ρ v )L , (1.1) where ρ l and ρ g are the coexisting bulk liquid and gas densities, respectively, γ is the liquid-gas surface tension and θ is the contact angle of a macrosocpic liquid droplet sitting on isolated wall. The role of wetting layers adsorbed at the walls when θ = 0, i.e., for T > T w , where T w is the wetting temperature corresponding to a semi-infinite system L → ∞, has also been appreciated but this effect is mostly quantitative, such that the presence of the layers effectively reduces the pore width [6] . If the isolated walls equilibrium density profile corresponds to a very thick "+" or to a very thick "−" phase with a "+−" interface pinned to either of the walls, from the high temperature regime at which the interface is unbounded from either of the walls. In the latter case, sometimes referred to as soft-mode phase, the interface finds a compromise between the antagonistic wetting preferences of the walls, such that it develops around the midpoint of the pore being a subject of large fluctuations causing the interface to wander along the pore.
Compared with the former model of pores with identical walls, the case of antisymmetric walls makes much closer link with wetting properties of the walls. In the theory of wetting phenomena, the concept of a binding potential proved to be very useful (at least on a mean-field level) and can be used to describe the phase behaviour of the fluid confined between antisymmetric walls. If the walls, when isolated, exhibit critical wetting as assumed in references [8, 9] , the binding potential at each wall acquires a single minimum whose location shifts continuously from the wall to infinity as the temperature increases towards T w along the phase coexistence line [µ = µ sat (T )]. It means that, when the pore is sufficiently wide, the binding potential has two minima that are of the same depth and are located symmetrically around the midpoint of the pore. There are thus two equally stable solutions for the density profile corresponding to large and small adsorptions. The adsorption difference, or equivalently the distance between the two minima, decreases with an increasing temperature and ultimately disappears at T * (L), which is a finite-size shift of T w . Above T * (L), the binding potential landscape adopts a U -shape with a very shallow single minimum which enables the interface to drift around the centre with a very small free energy cost.
In contrast to pores with identical walls, the nature of wetting transition at the (isolated) walls becomes much more important when the walls are antisymmetric. If they exhibit first-order wetting, the characteristic feature of the binding potential is a competition between a minimum at a finite distance from the wall with the unbounded state corresponding to a minimum at infinity. Assuming the pore is sufficiently wide, the binding potential now possesses three local minima, such that two minima near the walls are the global minima for temperatures below the finite-size shifted wetting temperature T * (L), whilst the middle minimum becomes a global minimum for T > T * (L). The nature of the transition (at fixed L and T varying) thus reflects the nature of wetting at the walls: while the transition is continuous for a critical wetting, in which case two potential minima continuously merge in the middle of the pore, it becomes discontinuous for first-order wetting due to a jump in the location of the global minimum. Consequently, T * (L) is a critical point for critical wetting, whereas it is a triple point for first-order wetting.
However, all these conclusions are only valid for sufficiently large pores. By decreasing the pore width, the space to accommodate all three minima of the binding potential is reduced and when the middle minimum disappears, the order of the transition becomes second order [10, 11] . These predictions have been verified by extensive Monte Carlo simulations by Binder et al. for Isinglike models [12] [13] [14] [15] [16] [17] . More recently, the properties of the interface localization-delocalization transition were also studied for fluid models of soft matter systems [18] [19] [20] . Compared to magnets, however, the situation with fluids is a bit more intricate. Firstly, owing to unequal entropy of coexisting phases, they lack the perfect symmetry of Ising-like models which makes the concept of antisymmetric walls less clear. Secondly, ubiquity of dispersion forces in fluid systems is an important extra ingredient to be considered which, in fact, prevents complete drying. The latter problem can be avoided by considering binary (colloid-polymer) mixtures such as in references [18] [19] [20] . The long-range dispersion interaction was included in reference [21] by Stewart and Evans for a simple, one-component fluid; in this study, extensive density functional theory (DFT) calculations have been made to confirm scaling predictions for several thermodynamic quantities. The wall parameters have been set such that they ensure a complete wetting on one wall and a complete drying on the opposite wall and that, for the given fixed subcritical temperature, the corresponding Hamaker constants, i.e., the coefficients of the lowest order term in the respective binding potentials, are identical. However, even if neglecting the higher order contributions in the binding potential, the system does not exhibit the same "antisymmetry" as in the case of magnets. This is because the potential exerted by both walls must contain a repulsive part for the walls to be impenetrable, but only one of them (the "solvophilic" wall) also contains an attractive portion. This produces a binding potential well so that there exists a wetting temperature T w below which the wall is only partially wet. By contrast, the other, "solvophobic" wall is purely repulsive and thus dried (i.e., wet by gas) at all temperatures. Consequently, the binding potential landscape for a fluid confined between these competing walls is clearly different from that described above for magnetic systems. Furthermore, since the Hamaker constants depend on a temperature (via coexisting densities), any change in the temperature would necessarily break the "antisymmetry" of the system, which is thus not a property of the system itself but also depends on thermodynamic parameters.
In this paper, we study the phase behaviour of a fluid confined between asymmetric walls that interact with the fluid via dispersion forces. There are two models that we use to represent such a heterogeneous pore. Within the first model, both walls exhibit the wetting transition but at different temperatures. We present simple geometric arguments that lead to the extended Kelvin equation which predicts the location of capillary condensation in the pore. For the case, when the temperature of the system is greater than the wetting temperature of at least one of the walls, we modify Kelvin's equation by incorporating the effect of the presence of the wetting layer(s). Both of these predictions are tested against numerical results obtained from a non-local density functional theory (DFT). The second model represents the case of antisymmetric walls, so that one of the walls is wetted by liquid whereas the other wall by gas. We present a mean-field analysis for the location of the interface localization-delocalization transition. The comparison with DFT shows that the analytic predictions are surprisingly accurate down to very narrow pores at least for the case, when one wall exhibits first-order wetting transition (as opposed to critical wetting) and the other wall is completely dried (wetted by gas) at all temperatures.
The remainder of the paper is organized as follows. In section 2 we present geometric arguments to determine the location of capillary condensation for pores with two unlike walls and also show how this extended Kelvin's equation can be modified to embrace Derjaguin's correction due to the presence of wetting layers. In this section we also consider the pore model consisting of antisymmetric walls for which we present a mean-field analysis to locate the interface localization-delocalization transition. In section 3 we set the molecular model and show the DFT results. Although the planar symmetry permits to treat the system as a one-dimensional problem, we employ a two-dimensional DFT to test the plausibility of geometric arguments. We then examine the properties of the interface localization-delocalization transition for antisymmetric walls by determining the binding potential and study its behaviour as the temperature and pore width vary. We summarise and discuss our results in the concluding section 4.
Heuristic arguments
We start by recalling macroscopic arguments leading to a condition for a liquid-vapour equilibrium in a homogeneous pore, i.e., a pore made of identical walls that exhibit a wetting transition (by liquid) at a temperature T w . Within the purely macroscopic treatment, the distance between the walls L is taken to be large and it is assumed that a first-order transition between a state corresponding to a gas-like and a liquid-like phase occurs for any temperature T below the bulk critical temperature T c . We then expect that the pressure p (or the chemical potential µ) at which the transition occurs in the pore is shifted below the saturation value p sat (or µ sat ). Based on the surface thermodynamics, this value can be determined by a simple free energy balance for a low-and a high-density state which leads to the well known Kelvin's equation (1.1). Apart from this thermodynamic picture, Kelvin's equation has also a geometric interpretation as it is illustrated in figure 1. Based on this approach, one considers a single pore in which both phases coexist. Since the equilibrium occurs off bulk two-phase coexistence, the interface between the gas and vapour phases in the pore must be curved in the direction perpendicular to the walls with a Laplace radius R = γ/δp, where δp = p sat − p. Assuming that δp is small, we can write 13604-3 In the left panel, a contact angle at the walls is assumed to be θ > 0 meaning that the temperature of the system is below the wetting temperature. The radius R of the cylindrical meniscus separating the phases is given by the Laplace pressure R = γ/δµ(ρ l − ρ v ).
In the left panel, the contact angle is zero, so that the meniscus meets tangentially the wetting layers of thickness π . δp = δµ(ρ l − ρ v ) according to the Gibbs-Duhem relation, where ρ l and ρ v are the particle densities of coexisting liquid and vapour phases, respectively. Substituting from R = L/(2 cos θ) yields equation (1.1).
Kelvin's equation has proven to be fairly accurate down to surprisingly small values of L for temperatures T < T w . Above the wetting temperature, when liquid layers adsorb at the walls, the appropriate geometric picture of the phase coexistence in the pore is shown in the right-hand panel of figure 1 . In this case, the cylindrically-shaped meniscus tangentially connects the wetting films that are of thickness π . For sufficiently wide pores, π can be considered as a thickness of a complete wetting layer adsorbed on an isolated wall. This geometric interpretation suggests that the pore width L appearing in the denominator of equation (1.1) should be replaced by its effective value L eff = L − 2 π . Explicit calculations based on a free energy balance including the effective interaction between interfaces show that L eff depends on the range of the molecular forces and that L eff = L − 3 π when long range nonretarded dispersion forces are involved.
We now turn our attention to a heterogeneous pore, where, within the macroscopic treatment, the walls are characterised by contact angles θ 1 and θ 2 . For the rest of the paper we shall assume without any loss of generality that the contact angle at the left-hand wall θ 1 is not larger than θ 2 and that
which case the gas and liquid phases interchange their roles]. We can again construct a geometric picture of the liquid-vapour coexistence in the pore, as is shown in figure 2 . Now, the center of the meniscus is no more in the centre of the pore but is shifted towards the right-hand wall or even beyond in case of θ 2 > π/2. A simple geometry then leads to the following generalization of Kelvin's equation for heterogeneous pores [8] :
Usually, Kelvin's equation is interpreted such that it tells us what is the chemical potential at the capillary condensation for a given pore width L. This view can also be reversed and we can ask what is the equilibrium distance L when we fix δµ and T . From the geometric construction shown in figure 2 it is clear that the "more heterogenous" the pore is, the shorter the distance L must be for thermodynamic criteria to be met.
Next, we wish to adopt a more microscopic view for the case when either θ 1 = 0 or θ 2 = 0 (or both).
We then expect that the wetting layer of a thickness
π which is formed at the wall i will somewhat modify the purely macroscopic prediction of equation (2.
1). When a wetting layer of thickness (i )
π intrudes between a single wall i and the bulk gas, the corresponding surface free energy of the wall-gas interface
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Phase transitions of fluids in heterogeneous pores is as follows:
where γ w i l is the surface tension between the wall i and the liquid, and
is the effective potential between the wall-liquid and liquid-gas interfaces due to the wetting layer of a thickness . The coefficient A i is called the Hamaker constant which must be positive for T > T w .
This form of the binding potential assumes that the wall-fluid or fluid-fluid interactions are dominated by nonretarded dispersion forces at large distances. The minimum of W determines the equilibrium thickness of the wetting layer
If only a microscopic wetting layer forms at the wall, i.e., if T < T
w , then the global minimum of W i ( ) is negative and the liquid-vapour interface is pinned to the wall to a microscopic distance
for δp = 0, in which case the comparison of (2.2) with Young's equation reveals that
Now, in the pore of a large width L, we assume that the thickness of the wetting layer adsorbed at either wall is the same as the one on a single wall. The free-energy difference per unit area between a low-density state (with the grand-potential per unit area ω g = −pL + γ w 1 g + γ w 2 g ) and a high-density state (with the grand-potential per unit area
denotes a pressure of the metastable liquid at a given µ < µ sat and T ) is then given by
where we have neglected effective interactions other than between the liquid-gas interface and the nearest wall.
In particular, when θ 1 = 0 and θ 2 > 0, a substitution of equations (2.3) and (2.5) into (2.6) gives
(2.7)
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Identifying
) to first order in δµ and using equation (2.4), we obtain
(1)
This result can be generalised as follows:
where
The case of "antisymmetric" walls when cos θ 1 = − cos θ 2 deserves special attention. The modified Kelvin equation implies that the only phase transition can occur at µ = µ sat . In this case, apart from the gas-like and liquid-like states, a configuration consisting of a thick film of liquid of width and a film of gas of thickness L − with the liquid-gas delocalized interface parallel to the walls should be also taken into account. The appropriate grand potential per unit area of this configuration is:
where the higher-order terms were neglected.
Assuming that the walls are perfectly opposite, A 1 = A 2 ≡ A and B 1 = B 2 ≡ B we separately consider the cases T < T w 1 = T w 2 ≡ T w and T > T w . The respective binding potentials are shown in figure 3 for the walls that undergo critical (upper panels) and first-order (lower panels) wetting transitions, when L is macroscopic. From the inspection of figure 3 we can conclude that for L macroscopic T w represents a triple point for first-order wetting in which case three minima of W ( ) corresponding to low-density, high-density and delocalized states are of equal depths. For critical wetting, there are only two minima in the binding potential below T w . Upon increasing the temperature, the two minima are getting closer to each other continuously and finally merge at the midpoint of the pore at T w which thus represents a critical temperature in this case. Below the wetting temperature T w , the binding potential has two minima located near the walls that correspond to a high-density and a low-density state in which case the pore is predominantly filled by one phase with only a microscopic layer of the other fluid phase adsorbed on one of the walls. For T > T w , there is a single minimum of the biding potential in the middle of the pore, so that thick liquid-like and gas-like films form at respective walls. The upper panel describes the case when the walls exhibit critical wetting and the lower panel is appropriate for first-order wetting.
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We now wish to include the finite-size effects due to finite values of L, still considering the binding potential of the form (2.3). The grand potential of the delocalized state with the liquid-gas interface in the middle of the pore is as follows:
whereas the grand potentials of the low-density configuration
and the high-density configuration
are identical by symmetry. For T < T w , the comparison between (2.12) (say) and (2.11), yields, upon using
where we have neglected the contributions of 15) which can only be satisfied when the Hamaker constant is negative, i.e., only when the walls exhibit critical wetting (in which case the extreme of the binding potential at the centre of the pore is a local maximum). In this case, the critical temperature T * at which the system breaks the symmetry is given implicitly by
Using an abbreviation t ≡ (T w − T ) and noting that θ(T ) ∼ t 3/2 and A ∼ t for critical wetting and small t , we obtain an asymptotic behaviour of T * (L):
where f (T * ) > 0, in agreement with the result obtained on the basis of finite-size scaling arguments [8] T * = T w − L −1/β s , where β s is the surface critical exponent for critical wetting, for algebraically decaying binding potential (2.3) in three bulk dimensions. In a more microscopic manner, the phase behaviour of a fluid confined between antisymmetric walls exhibiting critical wetting can be analyzed for T < T w by comparing the grand potential of the delocalized state (2.11) with the localized (to wall 1) one. The latter is obtained by a substitution of = −3B /2A (recall that A < 0 and B > 0 for critical wetting below T w ), as given by a minimization of (2.3), back to (2.3) with δp = 0:
Balancing ω loc and ω deloc leads to the equation
where we have introduced a dimensionless parameter κ ≡ B /AL. Equation (2.19) can be solved graphically as is shown in figure 4 revealing four solutions with three of them, corresponding to negative κ, being relevant. This analysis suggests that within the interval between κ = −2/3, where the LHS of equation (2.19) has a pole and κ ≈ −0.23, the delocalized state is the stable solution, while the localized state is the more stable solution otherwise. There is another point κ = −1/3 at which the localized and delocalized states are equally stable; however, this solution seems to be just an artifact of the current analysis 13604-7 since in the latter case L is large and A is small, so that |κ| is not necessarily small in this limit. For T > T w , there is only a delocalized state present for the walls undergoing critical wetting. For the walls exhibiting first-order wetting transition, the localized states become metastable with respect to the delocalized one in the macroscopic limit of the separation of the walls. For L finite, the binding potential is non-vanishing in the middle of the pore which makes the delocalized state less stable. The grand potential per unit area for the localized state is given by 20) where loc is the minimum of the binding potential near the (left-hand) wall. In order to describe the binding potential for the case of first-order wetting (see figure 3) , we should consider one more term in (2.3) 
The energy barrier of W ( ) disappears when its local minimum and maximum coincide which leads to the condition for the spinodal temperature T s : 24) which is the critical value of L below which the interface localized-delocalized transition never occurs. 
Density functional theory
In order o describe microscopic properties of a simple fluid in heterogeneous pores we adopt a classical density function theory [22] . Within DFT, the equilibrium density profile is found by minimizing the grand potential functional
where V (r) is the external field due to the walls and µ is the chemical potential. The intrinsic free energy functional F can be split into the contribution from the ideal gas and the remaining excess part 
where the cut-off is set to r c = 2.5 σ. The repulsive contribution to the excess free energy functional is approximated using Rosenfeld's fundamental measure theory [23] and the attractive part is treated within the mean-field approximation:
The free energy density Φ is a function of a set of three independent weighted densities {n α } for which we use the original Rosenfeld prescription.
The external field due to the parallel impenetrable walls a distance L apart is given by
, z σ . The parameter ρ w i is a density of uniformly distributed atoms forming the wall i , such that each atom exerts a potential u(r ) according to expression (3.3) with a parameter ε w i replacing ε and without a cutoff, i.e., for r c = ∞. The potential V i of a single wall i is given by integrating all contributions of atoms over the entire wall. The diameter σ of the wall atoms has been chosen equal to that of fluid atoms. Since the parameter ρ w i is always associated with ε w i , we can characterise the wall strength by tuning just a single parameter ε w i by setting ρ w 1 = ρ w 2 = σ −3 .
In order to make a link with the more phenomenological model introduced in the previous section, the Hamaker constant defined by equation (2.3) can be expressed in terms of the microscopic parameters using the sharp-kink approximation [24] . For the interaction between wall-liquid and liquid-gas interfaces we have 
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where it should be noted that A i is always positive in our model owing to the fact that the fluid-fluid interaction (3.3) is only short ranged and thus does not contribute to A i . For the interaction between wall-gas and gas-liquid interfaces, the expressions in equations (3.6) and (3.7) have opposite signs. However, for "antisymmetric" walls, ε w 1 = −ε w 2 , in which case A 1 = A 2 and B 1 = B 2 . This "antisymmetry" is deceptive, however, even if ε w 1 = −ε w 2 one does not expect B 1 and B 2 to be identical beyond the sharp-kink approximation, since these second-order contributions are due to excluded volume effects at the walls and it is reasonable to expect that those of the wall-liquid interface are much stronger than those of the wall-gas interface. Indeed, one does not expect the existence of a drying temperature at all for the purely repulsive wall, so that a link between a microscopic and a mesoscopic model at the level of the sharp-kink approximation is fully justified only up to the leading order with a coefficient A i .
The minimization of (3.1) is carried out numerically on a 2D grid with spacing dx = dz = 0.05 σ. Although the symmetry of the external field permits to treat the problem as one-dimensional ρ(r) = ρ(z), we also wish to test the geometric arguments for microscopic values of L by constructing equilibrium density profiles of a single pore filled with liquid-and gas-like coexisting phases, in which case ρ(r) = ρ(x, z). 1D density profiles corresponding to the low and high density states, respectively. The low density state is a configuration in which the system is filled primarily with a gas (the liquid-gas interface is pinned to the left-hand wall), whereas the high density state is a configuration in which the system is either filled with liquid (the interface is pinned to the right-hand wall) or a delocalized state in which case the liquidgas interface is around the centre of the pore. Further details and particularly the implementation of Rosenfeld's functional within the 2D-DFT treatment can be found in reference [25] .
We start the discussion of our numerical DFT results by examining the wetting properties of a single wall. In figure 5 we display the temperature dependence of the contact angle for two walls with surface fields ε w 1 = 1.2 ε (wall 1) and ε w 2 = ε (wall 2). The walls exhibit first-order wetting transition at temperatures T w 1 = 0.83 T c and T w 2 = 0.93 T c , with k B T c /ε = 1.414 corresponding to the bulk critical temperature [26] . We now consider a pore formed by a wall 1 and a wall 2 at a temperature T = 0.81 T c (k B T /ε = 1.15) at which both walls, when separated, are only partially wet. In figure 6 we display the equilibrium 2D density profiles corresponding to the liquid-gas coexistence in pores of widths L = 20 σ, L = 10 σ, and L = 5 σ. In this case, the walls of the pore in the low-density phase are only microscopically wet and the liquid-gas meniscus meets both walls at angles that appear in a good agreement with the predicted values of the respective contact angles (cf. figure 5) , including, somewhat surprisingly, even the narrow pore 
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Phase transitions of fluids in heterogeneous pores We next consider a temperature T = 0.92 T c (k B T /ε = 1.3), in which case the wall 2 is still partially wet but the wall 1, when separated and at bulk two-phase coexistence, would be completely wet. The equilibrium density profiles at two-phase coexistence are shown in figure 7 . Now, the comparison of the DFT results with the macroscopic Kelvin equation (2.1) is less satisfactory than in the previous case, where both walls are non-wet, especially for narrow pores, see table 1. Nevertheless, if we employ the modified Kelvin equation as given by (2.9), we obtain a prediction in a very good agreement with DFT, provided the capillaries are sufficiently wide. For instance, for L = 50 σ, the relative difference in δµ between DFT and the modified Kelvin equation is only 4% (compared to 18% for the macroscopic Kelvin equation). Only for those large capillaries, the assumptions leading to equation (2.9) are justified. For the pores widths considered here, one can still use equation (2.9) but with π replaced by the real thickness of the wetting layer. This can be read off from the 1D density profiles by determining e.g., the Gibbs dividing surface of the liquid-gas interface. The inclusion of this correction substantially improves the agreement with the DFT results, as is shown in table 1.
Finally, if we increase the temperature above T w 2 , then both walls are covered with wetting films but of different thickness, as can be seen from the equilibrium density profile for L = 20 σ and µ = µ cc in At last, we turn our attention to the case of asymmetric walls, such that one wall tends to be wet and the other dry. To this end, we consider a capillary in which the wall 1 has the same strength as before, i.e., ε w 1 = 1.2 ε but the opposite wall is purely repulsive. The repulsive wall exerts the potential according to (3.5) with a negative surface field ε w 2 = −1.2 ε. Although the Hamaker constants and thus the asymptotic behaviour of binding potentials for both walls are assumed to be the same, it is only the attractive wall (wall 1) which exhibits (first order) wetting transition at temperature T w . The purely repulsive wall (wall 2), does not induce a drying transition, i.e., the wall is always completely wet by gas. Consequently, the binding potential of wall 2 is purely repulsive (monotonously decaying) in contrast with the binding potential of wall 1 which, at least for sufficiently low temperatures, has two competing minima that are of equal depth at T = T w . In figure 9 we display numerically constructed binding potentials for this model pore using a constrained minimization of (3.1) at bulk two-phase coexistence for several representative temperatures and a relatively wide pore (L = 50 σ). For T < T w , the global minimum in the total binding potential lies near wall 1, which means that the liquid-gas interface is pinned to the adsorbing wall and thus the system is in a low-density state for µ µ sat . On the other hand, if the two-phase coexistence is approached from the liquid state, the pore exhibits capillary emptying for some µ > µ sat , according to the Kelvin equation (2.1). For T ≈ T w , the binding potential has two equally deep minima: one near the wall 1 and the other at the middle of the pore. For a perfectly antisymmetric system (such as for magnets), this temperature would be identified with a triple point, where the states with a liquid-gas interface near both walls and the state with the liquid-gas interface in the centre of the pore are all equally stable. In this model, however, the configuration corresponding to the pore filled with liquid is missing (at µ = µ sat ), so that the transition at a temperature T * ≈ T w can be interpreted as a thin-to-thick transition in some analogy with prewetting transition on a single wall. However, at a single wall, the prewetting transition is induced by the appearance of a non-zero term δp in the binding potential (2.3), i.e., because the system is away from bulk coexistence, which shifts a local minimum of W ( ) at = ∞ (at saturation, δp = 0) to a finite distance from the wall (for δp > 0). For our system, the shift of the minimum is due to the presence of the second wall. For a temperature T > T w , the minimum of W ( ) at = L/2 becomes a global minimum corresponding to a delocalized interface. Above the spinodal temperature T s , the energy barrier disappears and the configuration with the bounded interface ceases to be even metastable. corresponding to the liquid-gas interface being pinned at wall 1 and a delocalized interface with a mean location in the pore midpoint. The competition between the two minima determines the equilibrium configuration of the fluid. For this wide pore, the crossover temperature T * between the states, at which the interface is bounded to the wall (T < T * ) and delocalized (T > T * ) is T * ≈ T w (k B T w /ε = 1.18 for wall 1). The highest temperature (k B T = 1.3 ε) is already above T s and thus the binding potential has only one minimum in the middle of the pore. Also note a very small energetic barrier for k B T = 1.25 ε. Thus far, the DFT results are in line with the predictions obtained from macroscopic considerations. However, if the pore width is reduced, the midpoint minimum of the binding potential becomes more affected by the (repulsive) interaction between the liquid-gas interface with both walls. Consequently, the midpoint minimum is pushed upwards which brings about a two-phase coexistence at T * > T w , as illustrated in figure 10 for the pore width of L = 20 σ. In figure 11 we also show a density profile for a temperature k B T = 1.2 ε at which the states corresponding to the localized and delocalized interface coexist.
As we reduce the pore width even more, T * (L) still increases and terminates at T s which determines the critical pore width L c = L(T * = T s ) below which no phase transition occurs at µ = µ sat . In figure 12 we display binding potentials for a near critical pore width (L = 10 σ); note that the two-phase coexistence occurs now at a temperature k B T /ε = 1.25 for which the binding potential for a single wall (or a wide pore) has only a very weak minimum near the wall (cf. figure 9 ). Also shown here is the binding potential for T > T s which does not permit any phase transition at µ = µ sat for any pore width. 
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Phase transitions of fluids in heterogeneous pores Binding potentials in a capillary with competing walls (ε w 1 = −ε w 2 = 1.2 ε) and a width L = 10 σ. The temperature T * at which two different fluid configurations coexist is now k B T ≈ 1.25 ε, which is only slightly below the spinodal temperature (cf. figure 9 ). For T > T s , the binding potential has only one minimum in the pore midpoint.
Summary and concluding remarks
In this work we have studied the phase behaviour of a simple fluid confined between two parallel walls with different surface fields in the presence of long-range dispersion forces. We have shown that simple geometric arguments lead to the generalized macroscopic Kelvin equation which, when at least one of the walls is in complete wetting regime, should be modified by capturing the effect of thick wetting films by including Derjaguin's correction. We have also shown that simple mean-field arguments can be invoked to describe the fluid phase behaviour in a capillary at which one wall tends to be wet while the other tends to be dry and which exhibits interface localized-delocalized transition. Some of these predictions have been tested using a microscopic non-local density functional theory. The main results of this work can be summarised as follows:
1. Simple geometric arguments lead to a macroscopic prediction for a location (a shift in the chemical potential relative to that of bulk saturated fluid) of the capillary condensation/evaporation in a pore made of different walls. This leads to the (generalized) Kelvin equation (2.1) which has been tested against DFT calculations and the comparison revealed a very good agreement between these two approaches even for very narrow pores provided both walls are in a partial wetting/drying regime. The geometric interpretation of Kelvin's equation was also supported by constructing 2D density profiles. However, if the contact angle of at least one wall is zero (or π), the predictions of the macroscopic Kelvin equation worsen significantly, especially as the pore width decreases. Nevertheless, a substantial improvement of the Kelvin equation can be achieved by taking into account the effect due to the presence of wetting (or drying) films. The film thicknesses that appear in this corrected Kelvin equation (2.9) can be determined from equation (2.4) provided the pore is wide enough (L 50 σ, with σ being the molecular diameter).
2. We have then revisited a model of a capillary slit with competing walls. Here, the Kelvin equation as well as symmetry considerations dictate that any phase coexistence must occur at µ = µ sat . In this case, the liquid-vapour interface is parallel to the walls and can be pinned to either of the walls (in which case the system is in a condensed or evaporated state) or can be unbounded from both walls around a halfway between the walls; the latter state is referred to as a soft mode phase or a delocalized interface. Nature and the location of a transition when the interface unbinds (interface localized-delocalized transition) are determined by an interplay between the wetting properties of the walls and the finite-size effects due to finite separation L of the walls: is a triple point at which all three configurations coexist. These macroscopic predictions were verified by DFT calculations for pores of widths L 50 σ.
(b) As the pore width is reduced, T * does not coincide with T w anymore but becomes a function of L. The behaviour of T * (L) then strongly depends on the nature of the wetting transition of the walls and can be described by mean-field mesoscopic arguments that capture the effect of the effective interaction between the liquid-gas interface and the attractive tails of the wall potentials. For the walls exhibiting first-order wetting transition, the analysis shows that there are three temperature regimes. For T < T w , the only stable solutions correspond to a bounded interface for any values of L. For T w < T < T s , there is an interface localized-delocalized transition for the wall separation L * (T ) which decreases with an increasing T . Above T s , there is no transition and there is a single configuration corresponding to the delocalized interface.
The spinodal temperature T s is characterised by a disappearance of the energy barrier in the binding potential and can be associated with the surface critical point of prewetting transition. The spinodal temperature determines the critical width L c = L * (T s ), which is a minimal value of L allowing the interface localization-delocalization transition. Our DFT results suggest that L c is slightly below 10 σ, in a reasonable agreement with the mesoscopic prediction as given by equation (2.24) with the parameters A and B determined from equations (3.6) and (3.7), which yields L c ≈ 6 σ. Conversely, these results can also be interpreted such that for each L c < L < ∞ there exists a temperature T * below which the fluid undergoes capillary filling (as µ approaches µ sat from below) or emptying (as µ approaches µ sat from above) and above which no transition is present and the interface is delocalized. 3. Within the microscopic DFT model that has been considered in this work, the walls exert long range (decaying as z −3 for large z) potential while the fluid-fluid interaction was taken to be only short-ranged. This particular choice of the interaction model requires some comments:
(a) In terms of the study of interface localized-delocalized transition, this model has one advantage and one disadvantage. The great advantage is that the competing walls can be made antisymmetric by simply choosing ε w 1 = −ε w 2 and this antisymmetry is maintained regardless of the temperature. This is because the only temperature dependent factor in both Hamaker constants (corresponding to the situation when the adsorbed film at the wall is a liquid or a gas phase) is (ρ l −ρ g ). Therefore, the Hamaker constants certainly vary with temperature but in identical manner for both walls which allowed us to study the phase behaviour of a fluid between antisymmetric walls for various temperatures. This is in contrast with the model used in reference [21] , where the fluid-fluid interaction is also long-ranged which produces an extra temperature dependent factor in the respective Hamaker constants A w1 ∝ (ρ l − ρ w ) and A w2 ∝ (ρ g −ρ w ) that are identical at only one particular temperature. On the other hand, a disadvantage of our model is that since the Hamaker constant is always positive, a possibility that the walls undergo critical wetting is excluded, hence we could only test the cases when the walls exhibit first-order wetting.
(b) Setting ε w 1 = −ε w 2 makes the wall 2 purely repulsive, so that even though A 1 = A 2 the walls cannot be viewed as perfectly antisymmetric in the sense T w = T d (T d is the drying temperature of the wall 2), because the wall 2 is completely dried at all temperatures for which vapour and liquid may coexist. This broken (anti)symmetry is reflected in the binding potential for the capillary with competing walls which exhibits at most two minima, missing a local minimum near wall 2. In contrast with the fully antisymmetric model (considered within the macro-and mesoscopic pictures), the temperature T * for first-order wetting is not a triple temperature but a temperature appropriate to an ordinary first-order transition at which the liquid-gas interface jumps from the proximity of wall 1 to the centre of the pore in some analogy to prewetting transition (in contrast to the latter, the transition takes place at µ = µ sat and the jump is determined by L). Also note that below T w , cos θ 1 + cos θ 2 appearing in Kelvin's equation becomes negative, meaning that for T < T w a two phase coexistence (capillary evaporation) occurs at µ > µ sat . Finally 
